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Abstract

Glioblastoma multiforme (GBM) is a deadly brain cancer that currently does not
have a definite cure. Studies on specific targets of treatment have been conducted with
the intentions of decreasing malignancy and recurrence. Cancer stem cells (CSCs) are
suspected to be a vital factor in the recurrence of tumors. The role of DNA-dependent
protein kinase (DNA-PK), an enzyme with a significant role in repairing DNA damage,
and its effect on autophagy was studied in GBM cells containing DNA-PK, GBM cells
lacking DNA-PK, and CSCs. Each type of cell line had a group of cells with radiation
treatment and a group without treatment. Analysis of autophagosomes in transmission
electron microscope (TEM) images demonstrated the rate of autophagy in response to
radiation and the absence of DNA-PK. The absence of DNA-PK was intended to provide
a better understanding of the metabolic pathways that are taken when cancer cells are
exposed to radiation. By studying how autophagy occurs in the differentiated GBM cells
and cancer stem cells, improvements can be made in the radiation treatment against
cancer.

Background

GBM, the deadliest form of brain cancer, does not currently have a cure.
(Holland, 2000). Although several treatments exist to aid in life prolongation, no cure has
been found to completely eradicate GBM. GBM U87, a GBM cell line containing the
wild type of tumor suppressor gene p53, is often used to study brain tumors and
treatments. Patients diagnosed with GBM are commonly prescribed surgery, radiation
therapy, and chemotherapy with temozolomide. Of the three therapeutic interventions,

radiation therapy has the most significant impact on patient survival. However, this
treatment only works to a limited degree. Radiation has the ability to treat cells, but
cannot prevent recurrence. It is generally believed that the proliferation of CSCs is one of
the causes of recurring tumors. CSCs are the cells in a tumor that have the ability to
divide and differentiate into additional cancerous cells (Yu, Pestell, Lisanti, Pestell,
2012). Their presence is believed to form more tumor cells due to differentiation. Despite
several hypotheses, the origin of CSCs and the ratio of their presence in tumors have yet
to be accurately identified (Yu, Pestell, Lisanti, Pestell, 2012). CSCs contain specific
stem cell markers on their surface that differ between populations (Moharil, Alka,
Khandekar, Bodhade, 2017). It has been hypothesized that tumor resistance to cancer
treatment may be the result of CSCs and their unique cell structure and expression.
Targeting the stem cells can aid in recurrence and treatment of tumors. Specific
treatments like radiation therapy can induce autophagy in CSCs. Autophagy is the
process by which cells degrade specific material in response to stress conditions (Glick,
Barth, & Macleod, 2010). Cells have the ability to lyse their own material as they
recognize potential dangers. They have the tendency to digest themselves when placed in
stressful environments, essentially destroying damaged cellular components (Yang and
Klionsky, 2010). Degradation occurs in a structure called an autophagosome, the vesicle
that carries out autophagy. Autophagosomes have the following characteristics: two
membranes, no ribosomes on the outside of the structure, a density inside the structure
that is identical to that of the cytoplasm, and organelles in the lumen (Yuste, Patel, Stout,
Spray, & Cuervo, 2014). Their length ranges from 0.5 to 1.0 micron. Irradiating cells
generate the autophagic processes due to the stress and starvation that occurs. Through

this treatment, damage to the DNA occurs through breaks in both strands of the DNA
double helix. DNA damage response (DDR) is activated from the double stranded break.
DNA-PK, an enzyme activated during DDR, has the important role of phosphorylating
another enzyme called AMP-activated protein kinase (AMPK). This serine-threonine
kinase repairs DNA strands through non-homologous end joining, phosphorylating
specific DSB repair factors such as AMPK and other components to initiate activity
(Goodwin & Knudsen, 2014). DNA-PK and AMPK have opposite functions. While
DNA-PK decreases mitochondrial activity, AMPK aids in the synthesis of mitochondria
and energy metabolism (Park, et. al, 2017). Due to this antagonistic relationship, ATP
and energy levels can be studied in the cells to determine and study differences in
metabolism and morphology. While most cancer cells utilize glycolysis for energy
production, stem cells, especially those of gliomas, rely heavily on oxidative
phosphorylation (Vlashi, et al., 2011). However glycolysis still plays a major role in
energy production, especially in hypoxic conditions. These CSCs have the ability to
switch between oxidative phosphorylation and glycolysis, depending on current
conditions (Vlashi, et. al., 2011). Due to the ease with which these cells can adapt to new
environments, energy production plays a significant role in the target of treatment. ATP
assays can be performed to demonstrate the energy efficiency of the cancer stem cells in
a tumor, providing a greater understanding of how DNA-PK affects energy metabolism
in tumorous cells. DNA-PK also appears to have a role in destabilizing CSC genomics
(Wang, et al., 2018). After irradiation of CSCs in a study conducted by the University of
Pennsylvania Perelman School of Medicine, DNA-PK did not seem to activate until a
period of time had passed (Wang, et al., 2018). Due to the delayed activation, DNA

damage is not repaired in time. Genomic instability occurs as a result, allowing the cells
to regrow and resist radiation (Wang, et al., 2018). Proteasome activity also impacts a
cell’s ability to survive despite treatment. Proteasomes degrade damaged intracellular
proteins through proteolysis after reception of a signal produced by ubiquitin
polymerization (Tanaka, 2009). Glioma stem cells appear to have lower proteasome
activity that results in less degradation of damaged proteins, aiding in their survival and
reproduction in spite of treatment (Vlashi, et al, 2011). After DNA-PK phosphorylates
AMPK, AMPK acts as an energy sensor. One of two pathways can be activated. The first
possible pathway activates the mammalian target of rapamycin (mTOR), which blocks
autophagy. The other pathway activates autophagy-related (Atg) proteins that initiate the
process of autophagy. By utilizing DNA-PK as a knockout, its role in autophagy will be
demonstrated as the cells follow the subsequent pathways.

Methodology
Seven cell populations were analyzed over the course of the project: (1) GBM U87 wild
type with no treatment (2) CSC wild type with no treatment (3) CSC wild type with 2 Gy
gamma rays radiation (4) GBM U87 with knockout of DNA-PK and no treatment (5)
GBM U87 with knockout of DNA-PK and 2 Gy gamma rays radiation (6) CSC with
knockout of DNA-PK and no treatment (7) CSC with knockout of DNA-PK and 2 Gy
gamma rays radiation.
Knockout of DNA-PK. DNA-PK was knocked out in GBM U87 cells and CSCs using
the CRISPR-Cas 9 system. Cells were plated for irradiation with 2 Gy gamma rays. Ten
days after treatment, the cells were fixed and stained with crystal violet in absolute

methanol. Reverse transcription polymerase chain reaction (RT-qPCR) was performed on
the cells for fluorescence labeling of specific DNA components to target structures that
indicated repair of damaged DNA. Western blots were then performed to confirm the
knockout of DNA-PK through lack of expression.
Imaging. TEM microscopy was utilized to image the cell populations. Negative staining
was performed on the grids to promote contrast for better images. The cells were then
fixed with gluteraldehyde and osmium teroxide onto the grids to prepare for TEM.
Images of each cell population mentioned above were taken for analysis utilizing the
Hitachi H-600 TEM with a voltage of 75 kV.
Autophagosome Analysis. Ten images of cells for each cell population were analyzed
for the presence of autophagosomes using the four characteristics of autophagosomes
mentioned earlier in addition to a marker to ensure the correct length. Autophagosome
analysis was completed using an application called Image J. The amount of
autophagomes in each cell was scored to obtain an understanding of the average number
of autophagosomes in individual cells for each population. Statistical analysis was
completed through an application called GraphPad.
ATP Assays. Energy metabolism was studied through ATP assays that determined the
amount of ATP within different dilutions of the GBM U87 cells used. CellTiter-Glo
Luminescent Cell Viability Assay 10 x 10mL G7571 was used to prepare the samples.
This kit functions primarily through the use of luciferase, an enzyme derived from the
firefly, Photuris pennsylvanica. These enzymes produce bioluminescence through
oxidation of luciferins to form a compound called oxyluciferin, emitting a photon in the
process (Thorne, Inglese, & Auld, 2010). The CellTiter-Glo reagent was added to plates

containing cells with different dilutions. The plates were then shaken for two minutes,
and placed in the luminometer ten minutes later. The luminometer then quantified the
amount of ATP present.

Results
Autophagosome Analysis
Figure 1 is a TEM image containing examples of autophagosomes that were scored. The
four guidelines for identifying an autophagosome as listed above were utilized for
analysis.

Figure 1. The circled structures are examples of the autophagosomes scored
from TEM images.

Figure 2 depicts differences in morphology demonstrated by the U87 CSC KO 2 Gy cell
population. This specific population experienced an increase in the amount of
mitochondria as well as swelling in the mitochondrial cristae. The autophagosomes in
this population had haloes around their structure while the other populations did not, as
shown in Figure 1.

Figure 2. The U87 CSC KO treated with 2 Gy gamma rays demonstrated an altered metabolic status. Mitochondria
population increased and experienced swelling (a) and autophagosomes developed haloes (b).

The number of autophagosomes per cell are shown in the raw data in Figure 3. Statistical
analysis was then completed and a bar graph was created to illustrate the differences in
autophagosome count. As shown in Figure 4, the U87 CSC KO 2 Gy population
contained the highest amount of autophagosomes per cell while the other cell populations
had smaller values. The data collected from the autophagosome analysis demonstrated
statistical significance between four groups: U87 WT vs U87 CSC KO 2 Gy, U87 KO vs
U87 CSC KO 2 Gy, U87 KO CSC vs U87 CSC KO 2 Gy, and U87 KO 2 Gy vs U87
CSC KO 2 Gy. Statistical significance was not found among any other groups.
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Figure 3. A table illustrating the number of autophagosomes in each cell per population.

Figure 4. A bar graph illustrating the number of autophagosomes per cell for each cell
population.

ATP Assays
ATP assays were conducted to investigate the altered morphology of autophagosomes
and mitochondria. A standard fit curve was created to illustrate the relationship between
chemical ATP and the ATP expected in the cells. Assays were conducted for the wild
type U87 cells and U87 KO cells. As shown in Figures 5, 6, and 7, bioluminescence
accumulated as ATP concentrations increased. The wild type cells had approximately
9 x 1012 ATP molecules per cell, while the knockout cells had about 8 x 1013 ATP
molecules per cell.

Figure 5. Standard curves for the first two trials of the ATP assays.

Figure 6. An average of the trials 1 and 2 of the ATP assays.

Figure 7. A line graph depicting the concentrations of ATP in relation to
the relative light units from the most recent ATP assays.

Discussion
The differences in morphology between the U87 CSC KO 2 Gy cell population and all of
the other populations are demonstrated mainly in the autophagosomes and mitochondria.
The autophagosomes in these TEM images contained haloes around their round
structures, which are typical of autophagosomes when taken with TEM. The
autophagosomes in the other populations did not contain haloes or have regular round
shapes, as seen in Figure 1. The change in these structures demonstrate that the U87 CSC
KO 2 Gy cells responded to the DNA-PK knockout and radiation in such a way that
autophagy was reverted back to the typical patterns that are usually seen. This cell
population also appeared to contain more mitochondria. Additionally, the mitochondria
were also swollen as seen in Figure 2a. The changes in mitochondria are evidence that
these cells were experiencing different energy metabolism in response to the stress
conditions. The U87 CSC KO 2 Gy cells were the only population to experience altered
metabolic status, an indication that the CSCs with the knockout of DNA-PK and
exposure to irradiation were experiencing DDR in a different manner. Since the CSCs
were grown in a neural stem cell medium containing a low amount of nutrients, they were
expected to experience an increase in autophagosomes. Less nutrients causes stressed
conditions such as starvation, resulting in an increase in autophagy. However, it appears
that the medium combined with DNA-PK knockout and radiation therapy created a
different response than in the other CSC populations.
Statistical significance found between the four groups listed above in the
autophagosome analysis have a common factor: the U87 CSC KO 2 Gy population. The
significance is most likely a result of this population having the most autophagosomes

scored. There was one cell in particular that had way more autophagosomes in the U87
CSC KO 2 Gy population than any of the other cells in the same population. In Figure 3,
cell number 10 for the U87 CSC KO 2 Gy line had 31 total autophagosomes while the
other cells all had less than ten. Since this was the only cell with that large of an amount
of autophagosomes, it appears that this could be a special case just for that individual
cell. Certain cells sometimes react differently in response to stress and DDR, which
causes the cell to have different characteristics. Regardless of this individual case, this
population still contained a high number of autophagosomes per individual cell in
comparison to the other populations. Significance was not found between any of the other
populations, indicating that there was not a significant difference in the amount of
autophagosomes between the other populations. Aside from the U87 CSC KO 2 Gy cells,
the cells generally all experienced autophagy and DDR through a similar mechanism.
Knockout of DNA-PK did not appear to change autophagy in the cells. Due to a conflict
with time and scheduling, further analysis could not be conducted. The morphology and
autophagosome count will be further investigated at a later time.
Due to the altered metabolism of autophagosomes and mitochondria, ATP assays
were conducted to examine ATP levels. Despite the large amount of mitochondria in the
U87 CSC KO 2 Gy population, there was an expected decrease in ATP due to swelling of
the cristae. The ATP assays demonstrated an increase in bioluminescence as ATP
concentrations increased. When comparing the average of the first two trials of the ATP
assays (Figure 6) with the most recent ATP assay (Figure 7), there appears to be a slight
decrease in bioluminescence (RLUs) as ATP concentrations increased. When comparing
the actual numbers of the ATP assays, it appeared that the U87 cells with DNA-PK

knocked out had a higher amount of ATP molecules than the U87 wild type cells. These
results contradict the expected outcome from the mitochondrial morphology. A decrease
in ATP production was expected in the cells with DNA-PK knocked out. Reduced
production of ATP was thought to be a possible alternative pathway that the cells took in
response to the absence of DNA-PK. Autophagy is a general mechanism used to maintain
a consistent status throughout the cells in the face of stressed conditions. Upregulation of
autophagy is expected to produce more recycled cellular components. The knockout of
DNA-PK was thought to have altered the cell’s response to this upregulation due to
DNA-PK’s critical role in DDR, causing the cells to respond by modifying ATP levels.
Changing metabolism could have been a defense mechanism to maintain the status quo of
the cells, which would explain the morphological changes of the mitochondria and
autophagosomes. Swollen mitochondria decreased ATP production, and autophagosomes
reverted to their typical morphology as a way to achieve DDR in the absence of DNAPK. However, the ATP assays revealed that the cells with the DNA-PK knockout actually
contained more ATP than the wild type cells. Due to the increase, additional ATP assays
will be conducted to gain a better understanding of the energy metabolism, and how it is
affected by DNA-PK. Assays will be analyzed for cancer stem cells. The above values
for the ATP assays can be used as baselines for future assays and studies. Analysis of
autophagosomes in cells with DNA-PK knockouts and radiation treatment will be
repeated to obtain more data for a better understanding of DDR and autophagy in GBM
cells.
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